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ABSTRACT 

The nature and mechanism of forma¬ 
tion of the thiobarbituric acid (TBA)- 
reactive material produced in the autoxi¬ 
dation of polyunsaturated fatty acids 
(PUFA) or their esters has been studied. 
On the basis of chemical studies and 
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FFG. 1. Dahle et al. (5) mechanisin for the forma¬ 
tion of thiobarbituric acid-reactive material from 
triene systems. 


spectroscopic evidence, it is concluded 
that the TEA test detects malonaldehyde 
which arises at least in part from the acid- 
catalyzed or thermal decomposition or 
endoperoxides (2,3-dioxanorbornane 
compounds). These endoperoxides have 
structures related to those of the endo¬ 
peroxides produced in the biosynthetic 
sequence leading to prostaglandins. A 
mechanism is proposed in which these 
endoperoxides are formed in a free 
radical cyclization process operating in 
competition with hydroperoxide forma¬ 
tion during the autoxidation of PUFA or 
their esters containing three or more 
double bonds. When 20:3 or 20:4 PUFA 
undergo autoxidation, some of the 
natural, physiologically active prosta¬ 
glandins would be produced, although in 
very low yield, along with many other 
stereo- and positional isomers. Thus, it is 
possible that some of the complex 
symptoms of lipid peroxidation in vivo 
could be due to nonenzymatically pro¬ 
duced prostaglandins or their stereoiso- 


INTROOUCTION 

In a previous study of the ozone-initiated 
autoxidation of polyunsaturated fatty acids 
(PUFA), we observed (1-3), in agreement with 
published reports (4-12), the production of 
thiobarbituric acid (TBA)-reactive material 
from the autoxidation of methyl linolenate 
(18:3) but not from methyl linoleate (18:2)- 
This TBA-reactive materials is quite frequently 
referred to as malonaldehyde (6,7,10,13), al¬ 
though it has been known for some time (4,5) 
that the material which is formed is predonu- 
nantly a nonvolatile substance and, therefore, 
not malonaldehyde. This nonvolatile TBA*, 
reactive material apparently decomposes under 
the conditions of the TBA test to produce, 
malonaldehyde which then reacts with TBA^ 

(4,5). 

The nature of the nonvolatile precursor Of ; 
malonaldehyde is of considerable interest 
number of reasons. The TBA test is the inqsM 
frequently used analytical measurement for 
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I jnd in vitro, in spite of numerous papers that 
warn of the limitations of the test, the uncer¬ 
tainties in the identity of the TBA-reactive ma¬ 
terial, and the fact that TBA numbers are 
treacherous measures of the extent of autoxi- 
dati n (4-12). Furthermore, malonaldehyde 
jtseU is an important and damaging product of 
lipid peroxidation because of its ability to 
crosslink proteins (8,10). Finally, the manner 
by which either malonaldehyde, or a molecule 
that is capable of decomposing to give it, is 
produced from a PUFA is an interesting mech¬ 
anistic problem which has received little study. 
Any mechanism that is suggested must explain 
the fact that only lipids containing three or 
niore double bonds give appreciable amounts of 
TBA reactive material. 

In 1962, Dahle et ai. (5) suggested an ex¬ 
tremely clever mechanism, shown in Figure 1, 
which they suggested accommodated the then 
known facts of malonaldehyde production dur¬ 
ing autoxidation. Abstraction of a hydrogen 
stem from a triene system was envisioned to 
take place at one of the positions between two 
double bonds; each such hydrogen abstraction 
would produce a radical which can react with 
oxygen to produce one of the two conjugated 
pero ' radicals, 1 and 11. Radicals 1 and H then 
abstract hydrogen from the hydrocarbon to 
form hydroperoxides, the main autoxidation 
products, as indicated. Dahie et at. (5) sug¬ 
gested, however, that radical I, having a double 
bond P-y to the carbon bearing the peroxy 
group, could cyclize to form the S-membered 
ring cyclic peroxides IV. (Similar cyclization of 
11 would give a 5-membered ring with the odd 
electron on the centra] carbon within the ring, 

, insteai of external to the ring as in IV, a possi- 
bilitj I'ahle et al. neglected.) 

Da.ile et al. (5) proposed that radical IV 
could abstract a hydrogen atom from a hydro- 
Carbon to produce the cyclic peroxide V (14). How^ 
7«ver, it appears more probable that IV would 
.'Teact with oxygen to produce a peroxy radical, 
■|»nce reaction of alkyl radicals with oxygen is 
'treuch faster under autoxidation conditions than 
flea ction with hydrocarbons (15,16). The 

t **"‘oxy radical would ultimately abstract a 
Irogen atom to yield VI. Dahle et al. (5) 
posed that V is the nonvolatile precursor of 
onaldehyde and that V decomposes under 
conditions of the TBA test as shown in Fig- 
2. It appears even more likely that VI might i 
ompose in that manner (Fig. 2). The j 
onaldehyde produced from either V or VI : 
Jd than condense with 2 mol of TBA as 1 
ra in Figure 2 to form the highly colored < 
t adduct which is measured spectrophoto- 1 
rically (4). ( 
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FIG. 2. Formation of malonaldehyde and the 
thiobarbituric acid (TBA)-ii7a.lonaldehyde adduct 
under the conditions of the TBA test, X and Y as in 
Figure I. 
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FIG. 3, Prostaglandin-Iifce endoperoxide mecha¬ 
nism for the formation of thiobarbituric acid-reactive 
material from triene systems. X and Y as in Figure I. 
No particular stereochemistiy is implied for the struc¬ 
tures shown. (Possible stereochemical consequences 
for these reactions are discussed in the Discussion 
section.) However, double bonds which were stereo- 
chemically equilibrated by becoming part of an allylic 
radical system are shown in their thermodynamicaliy 
preferred n-dns form. 


For reasons to be discussed later, we do not 
feel that the Dahle et al. mechanism adequately 
explains the failure of diene systems (e.g., 18:2) 
to produce TBA-reactive material. A more at¬ 
tractive mechanism in our view is one in which 
the precursor of malonaldehyde is a bicyclic 
endoperoxide analogous to the endoperoxide 
formed in the biosynthesis of prostaglandins 
(I 7-26) (Fig. 3). Peroxy radical I, most likely in 
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r mechanism for the formation 

ot miobarbituric acid-reactive materiai, applied by 
current authors to a diene systera 


a stepwise process via radicai IV, undergoes ring 
closure to produce the bicycUc endoperoxide 
radical VII, an aliyl radical, which is subse¬ 
quently transformed into prostaglandin-like 
endoperoxide compounds VIII and IX. 
Malonaldehyde is a known by-product in the 
biosynthesis of prostaglandins (17-20,24,26,27) 
and is thought to be produced from an endo- 
peroxiUe which has a ring system analogous to 
that of structures VIIl and IX as shown in 
Figure 3. In the biosynthesis of prostaglandins, 
of course, the cyclization of I to IX is effected 
by enzymes, and only one of the possible endo- 
peroxides is produced; in a nonenzymatic 
system, a number of positional and stereoiso¬ 
mers wouid be expected (see discussion below). 

As mentioned above, TBA-reactive material 
is produced in substantial amounts only from 
PUFA containing three or more double bonds 
(5), and any mechanism must account for this 
fact. Dahle et al. (5) reasoned that only peroxy 
radicals containing a double bond in the posi¬ 
tion p-y to tne carbon bearing the peroxy group 
(radicals such as I) can cyclize into a S-mem- 
bered ring. However, they only consider radi¬ 
cals derived from the abstraction of a hydrogen 
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from a PUFA at a position between two double 
bonds, and with that stipulation, only triene 
systems can give a peroxy radical in the proper 
position (Fig. 1). However, hydrogen abstrac¬ 
tion by even relatively selective peroxy radicals 
would be expected to occur not only at methyl¬ 
ene positions between two double bonds but 
also at the allyiic positions on the ends of the 
alkene system (28), as shown in Figure 4. 
Abstraction of a hydrogen at this position 
(which would be statistically favored in a diene 
system such as 18:2) can lead to peroxy radical 
X. Since X is jS.Y-unsaturated, as is radical I, it 
would be predicted by the Dahle et al. mech¬ 
anism to cyclize to radical XI, which could sub¬ 
sequently be converted into XII (or, more 
likely, XIH). Product XIII would, in turn, be 
expected to give a TEA test in the same way 
that product VI does. Thus, rationalizing the 
failure of a diene PUFA to give a strong TEA 
test is difficult in terms of the Dahle et aL 
mechanism. 

On the other hand, in the endoperoxide 
mechanism, this difficulty can be avoided. It 
can be seen from Figure 3 that the critical step 
in the endoperoxide mechanism is the forma¬ 
tion of the carbon-carbon bond of the bicyclic 
system and that, whether the reaction occurs 
directly from radical I or stepwise through radi¬ 
cal IV, the product radical VII is an allyiic 
radical if produced from a triene. However, as is 
seen in Figure 4, in the diene system, formation 
of the analogous bicyclic radical XIV from X 
(via intermediate formation of XI) produces a 
secondary radical which is not allyiic. Since the 
difference in stability between the secondary 
allyiic radical produced in the triene system 
(Vli) and the secondary radical produced in the 
diene system (XIV) is ca. 10 kcal/mol (29), one 
would expect a very much smaller yield of the 
endoperoxide in the diene system, as is ob¬ 
served. Interestingly, enzyme systems which 
produce prostaglandins from triene and tetra- 
ene systems are unable to form the endoper¬ 
oxide from dienoic PUFA (26,30,31). 

EXPERIMENTAL PROCEDURES 
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Materials and methods for purification, 
autoxidation, and product analysis were as 
described previously (3). The procedure for the 
TEA test (3,13) and SnCli reduction 
(17,18,25) have been described. The prosta¬ 
glandin E (PGE) test in the literature 
(22,32,33) was modified for use with autOJ^. 
dation reaction solutions. In our solutioo^^ 
several species that have absorbance near 27.r ■■ 
nm are produced. Thus, it is necessary to ca^ 
brate autoxidation solutions by addition ® 
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FIG. 5. Mass spectrum of the trimethytsdlyi derivative of fraction IB. ri = relative intensity. Structural 
assignment of various peaks made assuming the fraction contains a mixture of structures XV-XVIH. and are 
based in large part on the arralyses or corresponding spectra of prostaglandin F | of Granstrom et al. (34). 



known amounts of authentic PGE (a generous 
gift of the Upjohn Co.). Our test involves the 
addition of 15 /il of concentrated ethanolic 
NaOH to ultraviolet (UV) cells containing PGE 
(fina -lase concentration 0.04 M) and recording 
the s,,-ctra both before base addition and after 
equilibrium is reached (20-40 min). A flat base 
line is drawn as a line tangent to the absorbance 
Curve at 255 and 300 nm, and the difference in 
the distance from this base line to the curve 
itself at 278 nm before and after base addition 
is taken as the absorbance of PGE. An absorb- 
snce of 1,0 corresponds to 59.3 jug of PGE-type 
materials (from 1 8:3). 

The thermal decomposition rates of various 
prodi. s in a mixture of autoxidized 18;3 were 
meas’...ed in the neat reaction mixture by heat- 
Ving the mixture in a stream of He (to remove 
S*ny voiatile material) at 80 C and periodically 
Y®easuring the concentration of total peroxide, 
and PGE-test reactive materials. Malon- 
dehyde was found in the He stream. We had 
ireviously determined that ca. 90% of the TBA- 
•cUve material in autoxidizing 18i3 is not 
lonaldehyde and is nonvolatile (3). Only ca. 
10% of the TBA-reactive material produced in 
.e au: oxidation of 1 8:3 could be blown off in 
*trea m of He, at room temperature, although 
thentic, added malonaldehyde was rapidly 
'latilized from our solutions. 

Product isolation was accomplished as fol- 
Purified neat methyl Unolenate was sub- 
':ed to ozone-catalyzed (0.35 ppm) autoxida- 
® Until the concentration of total peroxidic 
derial was ca. 15% (3). The reaction mixture 
dissolved in ether and reduced immediately 
aqueous SnCl j. The reduced mixture was 
the ether evaporated, and the 
due dissolved in hexane. The unreacted 


18:3 was separated from the more polar 
products by chromatography on a silica ge! 
column, using cyclohexane as solvent until all 
of the unreacted 18:3 was eluted. The solvent 
was then changed to ether and finally to meth¬ 
anol and the oxidized products collected. The 
products were then subjected to preparative 
thin layer chromatography (TLC) (0.25 g per 
20 X 20 cm plate, 2 mm thickness of PF-254 
silica gel) using the organic layer of ethyl ace- 
tate:iso-octane:water (50:50:100) as solvent. 
Five bands were obtained; Band 1 at rf = 0.05, 
2 at rf - 0.1 6, 3 at rf = 0.37, 4 at rf = 0.63, and 
5 at rf = 0.74. Fraction 5 was determined to be 
unreacted starting material not removed by the 
column chromatography. The relative amounts 
of the recovered products after elution from 
the plate were: Fraction 1, 19.9%; 2, 14.5%; 3, 
15.2%; and 4, 50.4%. Fraction 4 was deter¬ 
mined by infrared (IR). UV, nuclear magnetic 
resonance (NMR) and mass spectroscopy (MS) 
to be a mixture of mono-hydroxy esters of 
18:3, mainly conjugated. Fractions 2 and 3 
have not been identified as yet. Fraction 1 was 
subjected to further preparative TLC separation 
using 50:50 CHCl 3 :ethyl acetate as the solvent 
and yielded four fractions. The rf values and % 
by wt of Fraction 1 were: Fraction lA, rf ca. 
0.0, 16%; lB,rf= 0.22, 81%; IC, rf = 0.43, 2%; 
lD,rf=0.89, 1%. 

Trimethylsilyl and acetyl derivatives of frac¬ 
tion IB were prepared as described by Samuels- 
son et al. (17,18,34). Gas chromatography-mass 
spectroscopic (GC-MS) studies were conducted 
on a Perkin Elmer-990GC connected to a 
Perkin Elmer RMS-4MS, using a 2 ft sUinized 
3% SE-30 column at 200 C and 30 lb He. The 
GC trace of the TMS derivative of IB indicated 
a number of minor components and a major 
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FIG. 6. Mass spectrum of the acetate derivative of fraction IB. ri = relative intensity. Structural assignments 
of various peaks made assuming the fraction contains a mixture of structures XV-XVIII, and are based in large 
part on the analyses of corresponding spectra of prostaglandin Fjo, of Granstrom et al. (34). 


peak amounting to ca. 80% of the total with a 
retention time of 45 min; this major peak was 
analyzed by MS, and the spectrum is shown in 
Figure 5. The acetate derivative was treated 
similarly, and its spectrum is shown in Figure 6. 


As a starting point for our studies, we 
adopted the working hypothesis that the TBA- 
reactive materials produced in the autoxidation 
of 18:3 are a mixture of endoperoxides VIH 
and IX. It appeared probable that VUl and IX 
would decompose thermally or in the presence 
of aqueous acid (17-26) to yield, among other 
products, malonaldehyde, and we have at¬ 
tempted to obtain evidence of various kinds 
that this is indeed the case. Many of our experi¬ 
ments aimed at obtaining evidence for inter¬ 
mediates (VIII and IX) have been patterned on 
the elegant studies of Hambert et al. (17,18), 
Samuelsson (19), Woldawer and Samuelsson 
(20), and Nugteren et ai. (21-23) on the pros¬ 
taglandin endoperoxides. 

Chemtcai Srmitarities of TBA*React(Ve 
Material and Prostaglandin-like Endoperoxides 

Our first indication that the malonaldehyde 
precursor is an endoperoxide came from com¬ 
parisons of the responses of autoxidized solu¬ 
tions of 18:3 to the TBA test and a test 
developed for prostaglandins. The chemical test 
for PGE-type compounds involves the forma¬ 
tion of UV absorption at 278 nm upon addition 
of alcoholic base (22,32,33). The test probably 
Is relatively unspecific, but if is believed to con¬ 
vert PGE compounds into conjugated dienones 
such as prostaglandin A and B (PGA and PGB) 
by dehydration and rearrangement of the 
double bonds (32), Since base is known to 


rapidly decompose secondary dialkyl peroxides 
to form ketones and alcohols (35-37), we ex¬ 
pected that endoperoxides could be decom¬ 
posed, at least partially, into PGE-type com¬ 
pounds, which would then react further with 
the base and give rise to the PGB chrotnophore 
and a positive PGE test (Eq. 1): 


FX-.— cX- 


\<Tid» * Z7d ntp 

Indeed, Nugteren and Hazelhof found that the endo¬ 
peroxide obtained enzymatically from all cis- 
8,1 1,14-eicosatrienoic acid (20:3) is 90% con¬ 
verted at pH 10 into PGE, PGD, and PGA plus 
PGB (23); even higher yields of PGE and PGD 
were produced in neutral conditions (23). We 
expected, therefore, if endoperoxides such as 
IX are formed during autoxidation of 18:3, 
that autoxidized 18:3 would give a positive test 
for PGE-Ufce structures. It appeared likely a 
priori that autoxidation of 18:3 would product 
endoperoxides because the biosynthetic path¬ 
way for production of the prostaglandin endo¬ 
peroxides involves a radical cycUzation (17-22); 
furthermore, Nugteren et al. (38) have shown 
that autoxidation of 8,11,14-eicosatrienoic acid 
in an aqueous solution gives prostaglandins. 

Indeed, autoxidized 18:3 does give a PGE 
test. This is true regardless of whether the oxF 
datiori is spontaneous (i.e., effected by pure 
air), or is initiated by ozone or NO 2 - On the , 
other hand, 18:2, autoxidized under the same 
conditions as 18:3 and to the same degree of 
reaction as judged by the percent of total pen, 
oxide formed, does not give appreciable yields 
of nonvolatile compounds which give either 
TBA or PGE tests. ' 
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y diatkyi peroxides 
■ ils (35-37), we ex- 
could be decom- 
.fo PGE-type com- 
_ react further with 
PGB chromophoie 
(Eq. 1): 



When the formation of total peroxidic ma¬ 
terial, conjugated dienes, TBA-, and PGE-test 
reactive materials are followed as a function of 
tim. for autoxidizing 1 8:3 (in the presence of 
vitamin E to produce a substantial induction 
period (1-3]), curves such as shown in Figure 7 
are obtained. It can be seen that the rates of 
formation of both the TBA- and the PGE-test 
reactive materials are essentially zero during the 
induction period and then they both increase 
together. Note also that the rates of formation 
of the total peroxide and conjugated diene are 
considerably greater than those for TBA- and 
PGE- .’at reactive materials, especially during 
the auction period. These data indicate that 
the TBA- and the PGE-test reactive materials 
probably have common precursors, namely 
endoperoxides, which are different from the 
main peroxidic and conjugated diene products, 

Psroxidic Nature of the 
Matonaldehyde Precursor 

We have obtained evidence that the precur¬ 
sor of the TBA’test reactive material produced 
from iitoxidizing 18;3 is peroxidic. Aqueous 
SnCl _ rapidly reduces peroxides of various 
kinds upon shaking; this treatment has been 
used (17,23,24) to convert the natural endoper- 
oxide into PGFk^. Shaking an ether solution of 
lutoxidized 18:3 with aqueous SnCii not only 
destroys the peroxidic material (determined 
iodoraetrically), but also destroys both the 
TBA- and the PGE-test reactive material. In 
- fact, paitiea! reduction indicates that the TBA- 
■ test reactive material is reduced faster than is 
-the to peroxidic material. 

We ,;iso have followed the rates of the 
Hjhermai decomposition in an inert atmosphere 
^of total peroxidic material. TB.A-. and PGE-test 

« ™active materials in a sample of autoxidiied 
8:3. Each of these materials is found to disap- 
jp,tar by a first order process, and the following 
constants (in sec-t} were obtained at 80 C: 
Sotal peroxide, 3.4 ± .6 x 10-5; TBA, 5.5 ± 2 x 
PH’S; and PGE, 5.8 ± 1 x lO-s. Although these 
^^_te constants are not as precise as might be 
■heci. -t does appear that both the TBA- and 
« PC .C -test reactive materials are thermally 
>re labOe than the major hydroperoxide pro- 
from autoxidation. The fact that the TBA- 
the PGE-test reactive materials disappear 
approximately the same rate constants 
indicates the two materials may have the 
precursor. 

Nugteren and Hazelhof (23) observed the 
iPpearance of the endoperoxide to have a 
^■life at 20 C of 2.7 hr in organic solvents 
30 min in aqueous solution at pH 3-S, 
ea^ we observe a half-life of ca. 3.3 hr at 



sc A 


FIG. 7. Formation of total pero.xide ( 0 ), 
conjugated dienes (•!, Ihiobarbituric acid (TBA)-test 
reactive material (x), and prostaglandin E (PGEFtest 
reactive material (A) with time, during the autoxida¬ 
tion of methyl linolenate containing 1 mg vitamin 
E/mi of ester, exposed to 1/4 liter/min flow of air 
containing l.S ppm O 3 . Left ordinate for peroxide and 
conjugated dienes; right ordinate for TBE-test reactive 
material and PGE-test reactive material. 

SO C in methyl linolenate solvent. The more 
stable nature of our intermediate may be due to 
our use of a less polar solvent (which Nugteren 
and Hazelhof indicated contributes to the sta¬ 
bility of endo peroxides), the presence of traces 
of metals or other impurities in the enzyme 
system, the difference between the ester in our 
system and the free acid in theirs (23), or a 
greater average stability for the endoperoxide 
stereoisomers formed in our nonenzymatic 
system relative to the natural prostaglandin en¬ 
doperoxide. It appears likely that the thermal 
stability of a 2,3-dioxanorbornane ring system 
is substantial; endoperoxide of biologica! origin 
may contain trace metal impurities which 
catalyze its decomposition. 

Shaking the endoperoxide derived from 
enzyme preparations with water results in its 
conversion into mainly PGE and PGD com¬ 
pounds (17,23). .Thus, the precursor of TEA 
test material would be expected to be de¬ 
stroyed by shaking with water, whereas the 
PGE test values should not be greatly affected 
since water converts the prostaglandin endoper¬ 
oxide into PGE-type compounds. Shaking our 
reaction mixture with water for 1 hr was found 
to destroy 25% of the PGE-like material and 
53% of the TBA-reactive material. The fact that 
some PGE-like material was destroyed implies 
that not all of the endoperoxides destroyed by 
the water treatment are converted into PGE- 
type compounds. (VIII should not give PGB 
whereas IX could.) The fact that not all of the 
TBA-test reactive material was destroyed in 1 
hr again indicates that some of the endoper- 
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co^cH^ 33a: 


COjCHj TW 


COjCHj -yw 


FIG, 8. Structures of the products expected from 
the stannous chloride reduction of endoperoxide inter¬ 
mediates and of the Holman cyclic intermediate. See 
Figure 1 for a and b. 

oxide structures produced in our autoxidizing 
system are more stable than the endoperoxide 
produced in enzyme systems. 

Product Studies 

The thermal decomposition of autoxidized 
18:3 at 80 C in an inert atmosphere produces 
genuine, volatile malonaldehyde which can be 
recovered from a trap, A similar but consider¬ 
ably faster decomposition of the autoxidized 
I Sr 3 product mixture occurs in dilute aqueous 
acid at loo C, and this acid-catalyzed decompo¬ 
sition also produces malonaldehyde. 

The most obvious way to prove the exist¬ 
ence of endoperoxide intermediates such as 
VIII and IX would be to isolate and identify 
them. However, to date, no one has isolated 
such an endoperoxide, and the experience of 
Nugteren and Hazelhof (23) and of others 
(17-20,25) indicates that such endoperoxides 
could not be subjected to any of the extraction 
and chromatographic methods required for iso¬ 
lation of an endoperoxide from our system. 
Furthermore, the identification of such a sub¬ 
stance as a relatively minor component of a 
mixture containing large amounts of other 
peroxidic materials seemed too unlikely to 
attempt. (We obtain at least 20 major GC peaks 
on autoxidation of 18; 3). In work with solu¬ 
tions containing the prostaglandin endoper¬ 
oxide intermediate produced from an enzyma¬ 
tic system (17,18,20,25), a TLC spot beUeved 
to be the endoperoxide was obtained which, 
when the solution was shaken with aqueous 


SnCl 2 , was transformed into a substance of 
considerably more polar character and smaller 
rf value. We have found that the reaction mix¬ 
ture from autoxidized 18:3 gives four broad 
and slightly overlapping bands when spotted 
directly on silica gel plates and developed in 
50:50 iso-octane:ethyl acetate. However, if the 
reacted material is first shaken with SNCI 2 , a 
new band near the origin is obtained in addition 
to the original bands. Hamberg et ai. (17) and 
Woldawer and Samuelsson (20) identified the 
low rf value material as PGFjafrom their mix¬ 
tures; thus, SnCl 2 converts the relatively non¬ 
polar endoperoxide hydroperoxide into the 
more polar PGFiq, triol. Accordingly, if endo¬ 
peroxides VIII and iX are present in our reac¬ 
tion mixture, similar treatment with SnCl 2 
should conven them into products XV-XVIII, 
as shown in Figure 8. 

We have utilized a separation based largely 
on the work of Hamberg et al. (17) and 
Woldawer and Samuelsson (20), which is de¬ 
signed to reduce the reaction mixture predom¬ 
inantly to alcohols and to allow isolation of the 
triol fraction. This procedure, described in de¬ 
tail in the Experimental section, involves reduc¬ 
tion with SnCl 2 , column chromatography to 
separate polar reaction products from unreac¬ 
ted 18:3, foEowed by two successive prepara¬ 
tive TLC separations. This procedure yielded a 
fraction, IB. representing ca. 20% of the total 
isolated product fraction, which was investi¬ 
gated by UV. IR, and NMR spectroscopy. This 
fraction showed no appreciable absorbance 
above 220 nm. indicating that the material is 
not a conjugated diene. The IR spectrum 
reveals very strong alcohol OH stretching, very 
little if any vinyl hydrogen stretch, and a 
slightly broadened carbonyl peak. The NMR 
spectrum indicates that the material is a mix¬ 
ture, and the spectrum could not be fully 
interpreted nor were the relative areas of the 
various absorbances exactly integral numbers. 
Nevertheless, the spectrum is consistent with s 
PGFj-type compound being a major compo¬ 
nent. Specifically, relative to the three hydro¬ 
gens of the terminal methyl group or th* 
methoxy group of the ester, the integral areas^,_, 
indicate 1.1 unsubstituted allyl hydrogens (con* 
sistent with structures XVI and XVIII but nof ^ 
XV, XVII, XIX, or XX in Fig. 8) and 2.1 
hydrogens (consistent with structui^^ 
XV-XVIII but not XIX or XX in Fig. 8). _ 

Trimethylsily 1 and acetyl derivatiw^ 
(17,18,36) were prepared from fraction 
the mixture subjected to GC-MS analysis^tf 
described in Experimental Procedures. 
mass spectra, showm In Figures 5 and 6, 
found to correspond reasonably well to 
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obtained by Hamberg et al. (17,18) and 
Granstrom et al. (34) for similar derivates of 
PGF • a (after correcting for the fact that they 
used 8,1 1,1 4-elcosatrienoic rather than 
9,11,15-octadecatrienoic as substrate), con¬ 
sidering that our spectra result from several 
stereoisomeric and even structural isomeric 
endoperoxides. Our spectra also correspond 
reasonably well with those of Porter (private 
communication) and Porter and Funk (39) ob¬ 
tained from similar derivates of endoperoxides 
produced from their radical cyclization process. 
Suggested assignments of some of the high mass 
peaks are shown in Figures 5 and 6. 

A.' of the spectroscopic evidence obtained is 
consistent with fraction IB containing, as the 
major component, a mixture of the prosta¬ 
glandin-like structures XV-XVllI; however, 
because of the small amount of material avail¬ 
able and the fact that the material is impure, or 
at least a mixture of positional and stereoiso¬ 
mers, we do not consider this evidence to be 
entirely conclusive. However, it seems clear that 
the corresponding structures XIX and XX (Fig. 
8), formed from the monocyclic peroxide 
inter: diate, are not the material in fraction 
IB. 7iie mass spectra are consistent only with a 
structure, of the ones considered here, with 
either two double bonds, one double bond and 
one ring, or two rings. (The carbonyi of the 
ester group is not counted here.) The IR and 
NMR spectra are consistent only with a molec¬ 
ule with only one double bond, and the UV 
spectrum clearly indicates that the material is 
- not conjugated. 

Me* conclusive proof of the structure of 
’ the r .or component of fraction IB will re- 
Quire uolation of compounds like XV-XVIII, 

, which was impossible with the small sample 
flizes wc have worked with here. Our present 
“Work is aimed at this goal, using modified 
^experimental designs. 

ti- 

L DISCUSSION 

^ There are two major conclusions from the 
gork reported here. The first is that autoxida- 
c- methyl linolenate, and, by extension, 
^ers of other PUFA containing three or more 
“itble bonds, produces endoperoxides. This 
Ruling complements that of Nugteren et al. 
^38), who studied the autoxidation of 
li)l,14-eicosatrienoic acid in aqueous media 
Bd utilized both chemical and biological tests 
? show that prostaglandins were produced. 
P* second conclusion is that the nonvolatile 
|*<^sor of malonaldehyde produced from 
Woxidation of PUFA containing three or more 
Ruble bonds is an endoperoxide. Malonalde- 





^^231 OOH 




X XTr OOH 


^ 7 Xllt 



[R= {CH.)-CO,H] 


FIG. 9. Possible positional isomers of prostaglandin 
endoperoxides produced from 8,11,14-elcosatiienoic 
acid. 


hyde is produced during the enzyme-catalyzed 
production of prostaglandins and is believed to 
come from the decomposition of endo¬ 
peroxides; however, this is the first suggestion 
that an endoperoxide is the source of the TEA- 
reactive materials in autoxidation systems. 

The enzyme systems which form prostaglan¬ 
dins utilize the free acids. It appears likely, a 
priori, and our work together with that of 
Nugteren et al. (38) demonstrates, that autoxi¬ 
dation can convert either the free acid or esteri- 
fied PUFA to endoperoxides and, hence, to 
prostaglandins. It is one of the basic tenets of 
free radical biology that autoxidation of PUFA 
in vivo, and particularly in lipids in membranes, 
is responsible for important biological con¬ 
sequences (40). The extent to which endo¬ 
peroxide formation may be involved in this 
process obviously warrants considerable further 
research effort. 

Some discussion of the stereochemistry of 
the nonenzymatic cyclization of PUFA to 
endoperoxides is warranted. Free radical reac¬ 
tions most often are not steieospecific and 
produce all possible positional and stereoiso¬ 
meric isomers; however, certain factors may 
give rise to nonstatistical distributions of the 
various possible isomers (28). 
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Gearly, the cyclization of a trienoic PUFA 
will lead to the same isomeric possibilities for 
either the 18- or 2CK:arbon systems. Figure 9 
outlines the possible structural and stereo¬ 
chemical isomers produced from autoxidation 
of 8.1 l,14-eicosatrieT\oic acid. The top half of 
the figure shows the enzymatically produced 
C-13 radical and the bottom half the unnatural 
C-10 radical; both can cyclize. For each of the 
four structures shown, there are four independ¬ 
ent chiral centers arid a double bond, leading to 
32 isomers per structure or 128 total isomers. 

Despite the usual lack of stereospecificity in 
free radical reactions (28), some stereoselec¬ 
tivity is not uncommon (28) and would be 
expected. In this case, it is unlikely that all 128 
of the possible isomers are produced in equiva¬ 
lent yields. The enzymatically produced endo- 
peroxide, of course, has the R group in XXI a 
(endo), the ring junction frcns, the peroxy 
bridge a, and the double bond trans. Even if the 
nonenzyraatk reaction strongly favors all four 
of these conformational possibilities, there will 
be 16 total possible isomers. Since the endo- 
peroxide is not the major product of autoxida- 
tion, the yield of the endoperoxide with the 
all-natural structure and stereochemistry would 
be < 1% of the total product. This agrees with 
the results of Nugteren et al. (38). 

In summary', although 1 28 possible endoper¬ 
oxide isomers can be formed from the autoxi¬ 
dation of trienoic acids, some stereochemical 
preferences may occur which favor the produc¬ 
tion of structures analogous to the naturally 
occurring prostaglandins, a result with 
important consequences in free radical biology 
and pathology. In addition, the physiological 
properties of the nonnatural endoperoxides and 
their derivatives are worth further study. 
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